The use of dynamic viscosity/time (temperature) cure curves is seen as a powerful technique to quantify formulation and resin design parameters. The behaviour of different thermoset powder coating systems, epoxy/polyester (50/50, 40/60 and 30/70) as well as the impact of the filler, the curing temperature and the frequency upon gel-time have been examined based upon the rheological measurements and compared with PE/TGIC systems. Two disparate methodologies have been utilized to determine gel-time. The behaviour of dissimilar systems bearing different formulations has been compared by means of the non-isothermal DSC test. The effects of resin percentage and the formulation on physical and mechanical properties of coating have been studied.
Introduction
Powder coatings are currently the fastest growing section of industrial paints, because of their favourable environmental attributes and performance advantages. They are well adapted for the main strategic goals of the paint industry namely corrosion protection, improved durability, increased transfer efficiency, elimination of organic solvent, reduction of toxic wastes, conservation of energy and reduction of costs [1] . Compared to liquid paints, the film formation process of powder coatings is different since it occurs in the molten phase. Melting, flow, gel point and cure completions are the principal stages in film formation of powder coatings and determining both the paint aesthetic and protective properties [2] . Powder coatings consist of polymer resins, hardeners, pigments, fillers and additives and can be relatively easily applied to metals using electrostatic (tribo or corona) techniques. Typical cure temperatures for powder coatings are between 150 and 200 o C. The coating thickness of conventional powder coatings used in industry ranges from 60 to 100 microns [3] .
Rheology is a science that deals with the deformation and flow of material under stress. Understanding the rheological properties of polymeric materials has played an increasingly critical role for the successful processing of such materials [6] . For a viscoelastic material the shear force and shear strain are not in phase, but instead the deformation lags behind the force by a time quantified as the phase shift. Knowledge of the force or shear stress ( ), the strain ( ) and the phase shift ( allows one to completely describe the viscoelastic properties of the material using two material functions; storage modulus (G'( )) and loss modulus (G"( )) [7, 8] . The storage modulus (Eq. 1) is a measure of the material's elasticity (where 0 and 0 are the shear stress and shear strain amplitudes, respectively). 
The loss modulus (Eq. 2) is a measure of the ability of material to dissipate energy, i.e. the amount of deformation energy converted to heat.
The limiting cases of 0 0 and 0 90 corresponds to purely elastic and purely viscous behaviour, respectively. These moduli are the components of the complex shear modulus (G*( )), defined as:
The ratio
is a measure of the ratio of energy liberated as heat to energy stored by the material and is known as loss tangent. From the complex shear modulus G* one can calculate the complex viscosity:
The empirical Cox-Mertz rule relates the complex viscosity at frequency to the absolute viscosity ( ) at the shear rate which is numerically equal to :
The Cox-Mertz rule has been experimentally verified for different polymer systems [3, [9] [10] .
The establishment of each individual film property requires a specific baking procedure in order to fully express the performances, which the films are designed for [11] . The main aim of studies reported in the literature has always been to optimize the choices of baking temperature and time depending on the end use of the films and their formulations, thus minimizing energy consumption and allowing the establishment of full film properties. In this field, Lee et al were the first who tried to establish a correlation between thermo-rheological properties of an epoxy-based coating and baking time and temperature [1] . Andrei et al tried to correlate the surface levelling of an acrylic powder coating system to the evolution of its viscosity with time and temperature, hence, opened the possibility of predicting the final surface topography given the rheological properties of polymer [12] . Since early 1990s, dynamic mechanical analysis was also used in characterizing, free standing, films curing, and deducing information about films glass-transition temperature (T g ) using storage and loss moduli at different stages of curing process [13] [14] [15] [16] [17] [18] [19] . The melting and curing relationship of powder coatings can be rheologically analyzed using oscillation tests with an air bearing rheometer. The advantage of this method is that the structural change of the coating as a function of time or temperature can be demonstrated without disturbing the process, that is, at very small oscillation amplitudes. In this communication, rheometry and DSC have been used altogether as characterization techniques to evaluate the curing behavior of different powder coating systems. The rheological properties of disparate systems and applied thermoset powder coatings and their formulations have been studied.
Results and discussion
Prior to examination of the rheological behaviour of different formulations of powder coatings, the rheological properties of the resins used in these formulations had to be studied ( Table 1 ). The amplitude of oscillation of the upper plate was so selected that the strains imposed on the sample during measurement were within its linear viscoelastic response of the resin to be tested and an adequate torque value to be delivered to the rheometer's torque transducer. Epoxy resin (E) with (EEW=700 g/eq) and TGIC with (EEW=102-114 g/eq) were used as crosslinkers. Typical plots for storage, G'(ω), and loss, G"(ω), moduli as functions of frequency (0.1-100 s Polyester resin B (T g =64 o C) which is suitable for PE/TGIC systems shows a slower viscosity reduction as compared with that of the other polyester resins. Thus it requires more heat than other resins during the processing. As depicted in Figure 3 , A, C and D are appropriate ones among polyester resins to be utilized in epoxy/polyester systems. A polyester resin viscosity reductions curve approximates E epoxy resin. Thus this system is more suitable to obtain the smooth features without orange peel in the final epoxy/polyester powder coatings. Hence the aforementioned system is the basis to make rheological examinations upon different formulations of the powder epoxy/polyester coatings.
Formulation effect
At first we provide a hybrid system in accordance with Eqs 7 and 8 illustrated in Table  2 bearing different formulations in the hybrid system (50/50) with disparate resin percentages as well as the hybrid system (40/60), and (30/70) and PE/TGIC system (93/7) to examine the formulation effect upon the rheological behaviour of the powder coatings [20] .
where EC, R, AV, EEW and TGIC stand for amount of epoxy resin (g), amount of polyester resin (g), acid value of polyester resin (mgKOH/g), Epoxy Equivalent weight (g/eq) and amount of TGIC (g), respectively. . The observed point is that rheological behaviour varies drastically along with the EP formulation system alterations from 50/50 to 40/60 and 30/70 as well as the percentage escalation of polyester resin with regard to epoxy resin. The elastic modulus, loss modulus, complex viscosity and the lost tangent are very sensitive to the changes in molecular and phase structure occurring as the reaction proceeds [21, 22] . Initially the complex viscosity and the moduli rapidly increase as the curing approaches its completion. The storage modulus despite its lower initial value attains a higher maximum than that of the loss modulus by the end of the cure cycle.
The crucial phenomenon during cross-linking is gelation and the point of gelation is the basic parameter characterizing processability of a thermosetting system. As it can be seen in Figure 7 , a steep increase of the value of complex viscosity is observed, reflecting a phase transition from a viscous liquid to an elastic solid [23] . At the gel point, the viscosity rises exponentially, however it is not easy to determine the exact time of the abrupt viscosity rise [24] . Many authors [25] have determined the point during curing at which the storage modulus and the loss modulus crossover as being the gel point. The crossover point of G' and G" during thermoset curing can be considered as a criterion for elasticity domination in a reactive system and has been assigned as the gel point [23, 26] . The loss tangent measures the relative contribution of elasticity and viscosity of a system. Tan of a viscous liquid should therefore be greater than 1, whereas that of an elastic-solid should be less than unity. Tan of gelation, the transition state between viscous liquid and elastic solid, is expected to be unity [24] . The observed point in Figure 6 and Table 2 is that tan lags behind in actualizing one in EP 50/50 system with formulations F1 to F6, as the filler percentage increases or resin percentage decreases and the intersection time of G′ and G″ curves procrastinates further and tan utmost degree decreases.
Filler percentage escalation in gel point formulation is prolonged. Considering the results of the EP powder coating formulations and the ratios of 50/50, 40/60 and 30/70 with the fixed resin percentage, 60%, the observed point is that polyester resin ratio escalation and the system variation from 50/50 to 40/60 and 30/70 increases drastically in gel time, Thus it moves upwards from 98 to 230 seconds. And the utmost G′/G″ ratio increases from 1.39 to 3.2, therefore, it doubles. The results obtained in PE/TGIC system, F4 and formulations evince the utmost degree of tan as compared to ordinary EP systems as well as EP systems bearing fixes resin percentages with longer gel time. Temperature affects a curing thermoset in two opposing ways. The powder viscosity reduces to a given value immediately after melting together with the temperature augmentation, however, crosslinking commences along with the reaction acceleration and a drastic viscosity augmentation is beheld afterwards. The complex viscosity jumps as the reacting system approaches gelation. As the mixing temperature rises from 160 to 220 o C the complex viscosity curve commences escalation in shorter durations. The fact depicted in Figure 9 evinces that utmost degree of tan decreases as tan =1 rearranges in shorter periods together with temperature augmentation. Therefore, the gel point transpires faster with the temperature augmentation. Complex viscosity at gel point reduces as the temperature increases; hence, temperature has a direct impact on the kinetics of curing process (Table 3) . Powerlaw model:
The effect of reaction temperature
where Y, X and b stand for gel time (sec), temperature and Power-law index. Gel time curve has been ideally estimated in terms of the temperature by means of Power-law mathematical model ( Figure 10 ). The high value of the square of the correlation coefficient (R 2 =0.9951) indicates that the relationship applied in this regard has great matching features to describe the sample behaviour of gel time with temperature.
The effect of Frequency
We perform loss factor intersection rheometric experiments upon equation 4 in isothermal conditions 200 o C, 10 %strain and different frequencies ω=50, 100 and 200 s -1 to probe the impact of frequency on the viscosity behaviour and the gel time. Consideration of the dynamics near the critical point of gelation leads to prediction of the frequency dependency of the components of complex modulus (Eq. 3). At the gel point, the frequency dependency of G' and G" can be represented by a Power-law over a wide angular frequency range [27] [28] [29] [30] . Accordingly, at the gel point the loss factor (tan =G"/G') becomes independent of frequency. This fact can be used to determine the gel time from the position of crossover of the loss factor curves versus time at different frequencies (loss factors intersection method) [27] [28] [29] [30] . Figure 11 shows a coincidence domain of the time evolution of the tan curves obtained at different frequencies, the loss factors increases at beginning of the reaction because of an increase in complex viscosity. At a later reaction stage, tan starts to decreases because of the formation of elastically active crosslinks before the gel point [26] . Gel time obtained from intersection of loss factors at different frequencies and G'-G" crossover are presented and compared in Table 4 . It is concluded from Table 4 that there is not a noticeable difference between times of G'-G" crossover and tan intersection with respect to the total time scale of gelation. There are two disparate methodologies to determine gel time which approximate each other. Complex viscosity reduces as the frequency increases in Figures 11 and 12 , therefore; its escalation trend is gradual. Complex viscosity behaviour is the same for all of the three frequencies at the incipient stages of the reaction. The utmost tan degree increases in a linear manner together with the frequency augmentation. 
Differential scanning calorimetry (DSC)
Typical non-isothermal DSC spectra of the given powder coating formulations are illustrated in Figure 13 . In Figure 13 two endothermic transitions are evident. The first transition is the glass transition (T g ), (not shown very well in the figure) and the second is the melting point (T m ), of powder coatings. As the samples are heated further, the powder starts to flow (T 0f ). On further heating, the curve reveals a transition indicating that the powder started to cure (T 0C ) and one principal exothermic is observed which corresponds to curing reactions (Tr), and the end of curing reaction temperature, (T c1 ), heat of reaction, ( Hr), [2] . The characteristic points of these curves are summarized in Table 5 . The temperature difference between the T 0f and T 0c , gives an indication of the time available for the powder coating to flow [31] . rate heating
which can be used in the melt mixing of the extruder. The indexed results of Table 5 portray the fact that the 50/50 EP systems the incipient curing reaction, T 0C , and the time required for the fluidity, f t , increases together with resin percentage reduction and filer percentage augmentation. Hence, extruders' processability of the formulation and filler percentage augmentation reduces. As resin percentage reduces, temperature scope, curing duration, and the thermal quantity of the curing reaction decrease as well. This fact is due to the resin functional groups reduction and the cross-linking factor during curing reactions. Hr , lower than that of EP system 50/50. The temperature range, curing duration and the utmost temperature of PE/TGIC systems are higher than those of all the other EP systems, which is due to B polyester resin applied in the formulation whose viscosity is higher but its viscosity reduction rate is lower than that of the other polyester resins.
Conclusions
The process and raw materials characteristics can be identified through rheology. Hence the curing process was followed to obtain the gelation time as the most important parameter. Polyester resin A together with epoxy resin E resin yields the best upshots in the ultimate film from the smoothness aspect out of resins A, C and D in EP system. Gelation point is delayed together with the filler percentage augmentation in EP 50/50 systems. Polyester resin percentage augmentation in formulation and the system alteration from 50/50 to 40/60 or 30/70 causes drastic gelation time increase so that it increases from 98 to 230 s in EP powder coatings. The utmost G′/G″ ratio increases from 1.39 to 3.2. PE/TGIC system's gelation time outstrips those of other EP systems. Temperature bears a direct effect on the kinetics of gelation reaction. As the temperature increases, complex viscosity curve shows a sudden augmentation in shorter intervals and gelation time transpires more swiftly. The complex viscosity at the gelation point reduces too. Gelation time reduction due to the temperature increase can be estimated with Power-law model with 2 R =0.9955. Loss factor (tan ) is contingent upon the frequency in gelation point. Having figured out the gelation time through the loss factor intersection methodology and the crossover of G′ and G″, one may draw the conclusion that no drastic variations does exist. Complex viscosity decreases together with the frequency escalation and soaring trend becomes gradual. It can be concluded from DSC curves that filler percentage increase in EP systems bringing about the processability. Thus the required time of the powder fluidity increases. PE/TGIC system has a higher temperature limit, curing time and the utmost curing temperature as compared with those of other EP systems. Resin percentage has a great impact on the stiffness and gloss of the films.
Experimental part

Materials and methods
Resin A was a carboxylated polyester resin designed for 50/50 hybrid powder with an acid value 70 5 mgKOH/g (SSCP Co., Ltd., Korea). Resin B was a carboxylated polyester resin for TGIC cure with an acid value 32-40 mgKOH/g (DSM Co., Netherlands). Resin C was a carboxylated polyester resin designed for 60/40 hybrid powder with an acid value 48-55 mgKOH/g (DSM Co., Netherlands). Resin D is a carboxylated polyester resin designed for 70/30 hybrid powder with acid value 32-38 mgKOH/g (DSM Co., Nethrlands). Resin E was a diglycidyl ether of bisphenol-A epoxy resin with epoxy equivalent weight 700 ~750 (g/eq) (Nanya Co., Taiwan). TGIC was an isocyanurate based crystalline polyepoxide compound with an epoxy equivalent 102-114g/eq (Huntsman Co., Switzerland). Flowing agent with activity 66-68% (Worlee Co., Germany), benzoin (Caffaro Co., Italy) and TiO 2 (Huntsman Co., Switzerland) and filler, BaSO 4 (Solvay Co., Belgium) were used in our formulations.
Electrostatic spray gun (Easy model, Gema Co., Switzerland) was used to apply the powder coatings on the standard metal substrates (thickness of substrate was 0.7 mm). The thickness of the cured powder coated samples was measured using coating thickness instrument (CTI model, Sabern Co., U.S.A). Hardness test was performed according to ASTM D 4366-95 using Konig Persoz pendulum hardness (BYK Gardner Co., Germany). Cross cut was performed (ASTM D3359-92a) using (cross cut, Elcometer Co., England). Gloss test was carried out according to ASTM D523 using Gloss instrument (Rhopoint Co., Germany). Impact test was performed according to ASTM D522-92 (Elcometer Co).
Differential scanning calorimetry (DSC)
DSC studies were performed using a DSC-Netsch (DSC 200 PC). The dynamic experiments were performed to monitor the curing of powder coatings. A few milligrams of uncured powder were placed in aluminum DSC pans. DSC traces were recorded from 25- 
Rheological experiments
The rheological measurements were carried out on a Paar Physica MCR 300 stress controlled rheometer. Parallel-plate geometry with 25-mm diameter and 1-mm gap was employed. The upper plate was oscillated at a given frequency and amplitude. At first some rheological tests at (strain=10%, T=200 o C and ω=0.1-100 s Rheological measurements were carried out at strain=10%, ω=100 s -1 and T=200 o C to compare the rheological behaviour of disparate formulations of epoxy and polyester in prevalent systems of 50/50, 60/40 and 70/30 with polyester/TGIC system 93/7 for 60% resin.
